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1
SYSTEMS, METHODS, AND APPARATUS FOR
A HIGH POWER FACTOR SINGLE PHASE
RECTIFIER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit under 35 U.S.C. §119(e) to
U.S. Provisional Patent Application No. 61/561,184 entitled
“HIGH POWER FACTOR SINGLE PHASE RECTIFIER”
filed on Nov. 17, 2011, the disclosure of which is hereby
incorporated by reference in its entirety.

FIELD

The invention relates generally to broadband alternating
current (AC) to direct current (DC) conversion. More specifi-
cally, the disclosure is directed to a high power factor single
phase rectifier topology for broadband AC to DC conversion.

BACKGROUND

A large number and variety of systems are powered and
operated using direct current (DC). For example, a variety of
electronic device are powered using DC that include, for
example, mobile phones, portable music players, laptop com-
puters, tablet computers, computer peripheral devices, com-
munication devices (e.g., Bluetooth devices), digital cameras,
hearing aids, and the like. In addition, batteries, such as in
electric vehicles, are also charged using DC and provide a DC
output. Many power sources used to provide power to elec-
tronic devices or for charging batteries provide alternating
current (AC). Alternating current is often used for providing
power dueto relative advantages in the distance power may be
transferred efficiently as well as for efficiencies in generating
AC as compared to DC. As a result, power conversion cir-
cuitry is required in many systems for converting AC to DC.
For example, when charging batteries or powering devices
with DC, a power supply is generally used that receives AC
and converts the AC to DC for use in charging or powering
batteries or devices relying on DC. As power is often lost
during the conversion, systems that increase efficiency of AC
to DC conversion are desirable.

SUMMARY

One aspect of the subject matter described in the disclosure
provides a power conversion apparatus for providing direct
current (DC) based at least in part on an alternating current.
The power conversion apparatus includes a first rectifier cir-
cuit configured to rectify the alternating current to a first
direct current. The power conversion apparatus further
includes an averaging circuit configured to average the first
direct current received from the first rectifier circuit and to
provide a second direct current. The power conversion appa-
ratus further includes a second rectifier circuit configured to
rectify the alternating current to a third direct current. The
direct current is derived from the second direct current and the
third direct current.

Another aspect of the subject matter described in the dis-
closure provides an implementation of a method for power
conversion for providing direct current (DC) based at least in
part on an alternating current. The method includes rectifying
the alternating current to a first direct current via a first rec-
tifier circuit. The method further includes averaging the first
direct current via an averaging circuit to provide a second
direct current. The method further includes rectifying the
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2

alternating current to a third direct current via a second rec-
tifier circuit. The method further includes providing the direct
current derived from the second direct current and the third
direct current.

Yet another aspect of the subject matter described in the
disclosure provides a power conversion apparatus for provid-
ing direct current (DC) based at least part on an alternating
current. The power conversion apparatus includes means for
rectifying the alternating current to a first direct current. The
power conversion apparatus further includes means for aver-
aging the first direct current to provide a second direct current.
The power conversion apparatus further includes means for
rectifying the alternating current to a third direct current. The
power conversion apparatus further includes means for pro-
viding the direct current derived from the second direct cur-
rent and the third direct current.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a functional block diagram of an exemplary
system for AC to DC conversion.

FIG. 2 is a schematic diagram of an exemplary system for
ACto DC conversion as shown in FIG. 1 including a full wave
bridge rectifier circuit.

FIG. 3 is a plot of exemplary voltage and current wave-
forms of the full wave bridge rectifier circuit as shown in FIG.
2.

FIG. 4 is a schematic diagram of another exemplary system
for AC to DC conversion.

FIG. 5 is a schematic diagram of another exemplary system
for AC to DC conversion.

FIG. 6 is a plot of exemplary voltage and current wave-
forms of the system as shown in FIG. 5.

FIG. 7 is a schematic diagram of another exemplary system
for AC to DC conversion.

FIG. 8 is a plot of exemplary voltage and current wave-
forms of the system as shown in FIG. 7.

FIG. 9 is a schematic diagram of another exemplary system
for AC to DC conversion.

FIG. 10 is a plot of exemplary voltage and current wave-
forms of the system as shown in FIG. 9.

FIG. 11 is a schematic diagram of another exemplary sys-
tem for AC to DC conversion.

FIG. 12 is a schematic diagram of another exemplary sys-
tem for AC to DC conversion.

FIG. 13 is a functional block diagram of an exemplary
wireless power transfer system that may include any of the
systems for AC to DC conversion of FIGS. 4-12.

FIG. 14 is a functional block diagram of an exemplary
wireless power transmitter system that may be used in the
wireless power transfer system of FIG. 13.

FIG. 15 is a functional block diagram of an exemplary
wireless power receiver system that may be used in the wire-
less power transfer system of FIG. 13 and that may use of the
systems for AC to DC conversion of FIGS. 4-12.

FIG. 16 is a diagram of an exemplary system for charging
an electric vehicle that may include the wireless power trans-
fer system of FIG. 13.

FIG. 17 is afunctional block diagram of another exemplary
wireless power transmitter.

FIG. 18 is afunctional block diagram of another exemplary
wireless power receiver that may use any of the systems for
AC to DC conversion of FIGS. 4-12.

FIG. 19 is a flowchart of an exemplary method for convert-
ing AC to DC.
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FIG. 20 shows another exemplary functional block dia-
gram of a system for AC to DC conversion.

DETAILED DESCRIPTION

The detailed description set forth below in connection with
the appended drawings is intended as a description of exem-
plary embodiments of the invention and is not intended to
represent the only embodiments in which the invention can be
practiced. The term “exemplary” used throughout this
description means “serving as an example, instance, or illus-
tration,” and should not necessarily be construed as preferred
or advantageous over other exemplary embodiments. The
detailed description includes specific details for the purpose
of providing a thorough understanding of the exemplary
embodiments of the invention. In some instances, some
devices are shown in block diagram form.

As noted above, many power applications employ alternat-
ing current (AC) to direct current (DC) conversion so as to
convert power, for example, from a utility grid so that it may
be used to charge batteries or to power electronic devices that
rely on DC.

FIG. 1 is a functional block diagram of an exemplary
system 100 for AC to DC conversion. The system 100
includes a power source 102 that may provide a time varying
voltage to produce a single phase alternating current (AC).
The power source 102 may be any source of power that
provides a time varying voltage producing an alternating
current (AC). A rectifier circuit 104 may receive the AC from
the power supply 102 and rectify the alternating current to
constant direct current (DC). The direct current output from
the rectifier circuit 104 is provided to power or charge a load
106. The load 106, for example, might be a battery configured
to be charged. The load 106 may also be any other circuit that
uses direct current such as an integrated circuit in an elec-
tronic device or any other circuit.

Rectification of high frequency AC to DC may result in
harmonic distortion that reduces the efficiency of the rectifier
circuit 104 and creates undesirable emissions. Some rectifier
circuits may not work at high frequencies, may require reso-
nant filters, have poor efficiency, or require polyphase AC
power. For example, active power correction may be used for
utility line frequencies. However, as active power correction
may require switching power supplied several times the
power line frequency, it may be impracticable for frequencies
above a few KHz. Valley fill topologies may be used, how-
ever, the load current may fluctuate with the incoming power
and therefore may not be practicable above a few KHz. Reso-
nant filter networks may also be used to remove harmonics.
The filter networks, however, may require precise inductor
and capacitor values, and therefore may only be suitable over
anarrow range of frequencies. Multipulse rectifier topologies
may also used for polyphase power, however, these may only
be suitable for three phase power networks. As such, a recti-
fier topology is needed that may function over a wide range of
frequencies while also providing a high power factor and
reduced harmonics using single phase power.

FIG. 2 is a schematic diagram of an exemplary system 200
for AC to DC conversion as shown in FIG. 1 including a full
wave bridge rectifier circuit 204. A rectifier circuit 204 may
be configured to receive a single phase time-varying alternat-
ing current generated by a power source 202 and convert the
received AC to DC that may be provided to aload R; 206. The
rectifier circuit 204 may be a full wave bridge rectifier includ-
ing diodes D1, D2, D3, D4 to rectify the AC received from the
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power source 202 to direct current. The rectified DC may be
smoothed by the capacitor C, to provide a constant DC to the
load R; 206.

FIG. 3 is a plot of exemplary voltage and current wave-
forms 330 and 320 of the full wave bridge rectifier circuit 204
as shownin FIG. 2. As shown, the voltage waveform 330 from
the power source 202 provides an undistorted sinusoidal
shape. Ideally, the current waveform 320 in the rectifier cir-
cuit 204 would mirror the voltage waveform 330 and also
have a corresponding undistorted sinusoidal shape. However,
due to harmonic distortions, etc., as described above, the
current waveform 320 of the rectifier circuit 204 has a wide
step with narrow peaks and valleys. As a result of the distor-
tions, the efficiency of the system 200 is reduced. More spe-
cifically, the power factor (i.e., the ratio of the real power
flowing to the load 206 to the apparent power of the rectifier
circuit 204) is reduced. Non-linear operation of the load 206
may also result in distortion to the current waveform 320
resulting in a reduced power factor. A low power factor indi-
cates that less power is supplied to the load 206 than is
available in the circuit. As a result, efficiency in the system
200 is reduced.

FIG. 4 is a schematic diagram of another exemplary system
400 for AC to DC conversion, in accordance with one
embodiment. The single phase AC power source 402 provides
AC to afirst and a second rectifier circuit 404a and 4045b. The
first rectifier circuit 4044 and the second rectifier circuit 4045
may be formed of a variety different types of rectifier circuits
and rectifier circuit topologies as will be further described
below. Regardless of the topology used, the first rectifier
circuit 404a and the second rectifier circuit 4045 may rectify
the alternating current from the power source 402 into a direct
current. The first rectifier circuit 404a may be configured to
rectify the alternating current from the power source 402 to a
first direct current provided at the output.

The first direct current may be received by an averaging
circuit 410 that may average the output of the first rectifier
circuit 404a. The operation of the averaging circuit 410 may
cause the output of the averaging circuit 410 to be less than the
peak voltage of the output of the second rectifier circuit 4045.
The averaging circuit 410 may comprise an inductor [, and a
capacitor C,. The inductor L, and capacitor C, may be elec-
trically connected in parallel. The inductance of the inductor
L, and capacitor C, may be chosen according to a variety of
design parameters and operating conditions of the system
400. The averaging circuit 410 may further include a diode
D;. The averaging circuit 410 may provide a second direct
current that is derived from the first direct current output from
the first rectifier circuit 404a.

The second rectifier circuit 4045 may also rectify the alter-
nating current from the power source 402 to produce a third
direct current. The output of the averaging circuit 410 and the
output of the second rectifier circuit 404a are electrically
connected to form a common output such that the second
direct current output from the averaging circuit 410 is com-
bined with the third direct current output from the second
rectifier circuit 404a. In one aspect, the minimum output of
the second rectifier circuit 4045 may be limited by the output
of the averaging circuit 410 as the outputs are electrically
connected. In one aspect, this may result in a current wave-
form of the system 400 that is a stepped waveform that more
closely approximates a sinusoidal waveform. As a result of
the operation of the system 400, harmonics are reduced and
the power factor is increased. In one aspect, the first rectifier
circuit 404a may be characterized as a lower voltage rectifier
circuit and the second rectifier circuit 4045 may be charac-
terized as a higher voltage rectifier circuit as compared to the
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first rectifier circuit 404a. The direct current output from the
second rectifier circuit 4045 and the averaging circuit 410
may be further filtered by a filter circuit 412 that may, among
other things, provide a substantially constant DC to be pro-
vided to a load R; 406. The filter circuit 412 may also be
configured to provide increases in the power factor and reduc-
tion of undesirable harmonics. The filter circuit 412 may
comprise an inductor L, and a capacitor C;.

FIG. 5 is a schematic diagram of another exemplary system
500 for AC to DC conversion, in accordance with one
embodiment. FIG. 5 shows a schematic diagram of exem-
plary first and rectifier circuits 504a and 5045 that may be
used in accordance with the system 400 of FIG. 4. The first
rectifier circuit 504a includes a full bridge rectifier circuit
topology including diodes Dy, Dy, Do, and D, and is con-
figured to rectify the single phase alternating current from the
power source 502 to a first direct current at the output. The
second rectifier circuit 5045 comprises a full bridge rectifier
circuit topology including diodes Dy, D, Dy, and D, to also
rectify the alternating current from the power source 502 to a
second direct current. As shown in FIG. 5, the first and the
second rectifier circuits 504a and 5045 may share compo-
nents such as the diodes Dy and Dg. As shown, each of the first
rectifier circuit and the second rectifier circuit 504a and 5045
may be full bridge rectifier circuits.

The output of the first rectifier circuit 5045, as first direct
current, is provided to an averaging circuit 510 including
inductor L;, capacitor C,, and diode D, ,. The output of the
averaging circuit 510 is electrically connected to the output of
the second rectifier circuit 5045. The combined direct current
output is filtered by a filter circuit 512 including inductor L,
and capacitor C, that may in one aspect smooth the output to
provide constant DC. The output is then provided to aload R,
506. As shown, a full wave bridge rectifier circuit including
diodes Dy, D, Dy, and D, is electrically connected in series
withdiodes D,,and D, . Thetopology for the first and second
rectifier circuits 504a and 5045 shown in FIG. 5 may be
simplified as compared to other topologies as described
below. Reducing the number components may provide vari-
ous benefits such as lower cost or for increased efficiency.

FIG. 6 is a plot of exemplary voltage and current wave-
forms 630 and 620 of the system 500 as shown in FIG. 5. As
shown, the voltage waveform 630 has an undistorted sinusoi-
dal shape. The current waveform 620 of the system 500,
creates a stepped current waveform 620 that more closely
approximates an undistorted wave, particularly as compared
to the current waveform 320 of FIG. 3. As indicated by the
less distorted current waveform 620, the system 500 may
provide significant harmonic reductions and increased power
factor. It should be appreciated that the values of voltage and
current of FIG. 6 and other FIGs. provide hypothetical values
for purposes of illustration and a variety of different values
and levels are possible. Because the system 500 may be
non-resonant, the system 500 may be used over a wide range
of frequencies. By using a combination of rectifier topologies
as shown in FIGS. 4 and 5, the current waveform may more
closely approximate a sine wave and the operation of the
system may allow for avoiding some of the problems as
described above with respect to undesired harmonics and
reduced power factors. A wide range of component values for
the various components shown in FIGS. 4 and 5 may be used
while still providing a high power factor so that the systems
400 and 500 may be designed for a wide range of frequencies
and operating conditions.

FIG. 7 is a schematic diagram of another exemplary system
700 for AC to DC conversion, in accordance with one
embodiment. FIG. 7 shows a schematic diagram of other
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exemplary first and rectifier circuits 704a and 7045 that may
be used in accordance with the system 400 of FIG. 4. The first
rectifier circuit 704a includes a full bridge rectifier circuit
including diodes D5, D, 4, Dy, and D,,. The second rectifier
circuit 7045 includes a full bridge rectifier circuit including
diodes D, 5, D4, D5, D, 4. The second rectifier circuit 7045
also includes a current doubler rectifier circuit including
inductors [ and 4. Furthermore, additional diodes D, and
D, may be included as shown. A capacitor Cy may also be
included as shown. Similar to the system 500 shown in FIG.
5, the first rectifier circuit 704a and the second rectifier circuit
7045 may share various components. In this configuration,
the current doubler circuit may be positioned towards the
bottom of the system 700 relative to the load R, 706. As
shown in the previous FIGS. 4 and 5, the output of the first
rectifier circuit 704a is connected to an averaging circuit 710.
The output of the second rectifier circuit 7045 is electrically
connected to the output of the averaging circuit 710 at, for
example, node 714. A filter circuit 712 is used to filter and/or
smooth the direct current at node 714 to provide a constant
DC to the load R; 706 as described above with reference to
FIGS. 4 and 5.

FIG. 8 is a plot of exemplary voltage and current wave-
forms 830 and 820 of the system 700 as shown in FIG. 7. As
shown, the voltage waveform 830 provides an undistorted
sinusoidal signal. While the current waveform 820 is dis-
torted, the operation of the topologies of the system 700
shown in FIG. 7 provides a stepped current waveform that
more closely approximates an undistorted sinusoidal, par-
ticularly as compared to the current waveform 320 of FIG. 3.
As shown by the current waveform 820, the rectifier circuit
topology of the system 700 of FIG. 7 may provide significant
harmonic reductions and increased power factor.

As shown in FIG. 7, a variety of different topologies may
be used for the first and second rectifier circuits 704a and
7045 according to various operation conditions and for reduc-
ing harmonic distortions as much as possible according to the
load driven by the system 700. As such, the first and second
rectifier circuits 704a and 7045 may include a combination of
one or more rectifier circuits or other circuitry in combination
with rectifier circuit topologies to produce the desired direct
current output and for controlling the distortion of the current
waveform 820.

FIG. 9 is a schematic diagram of another exemplary system
900 for AC to DC conversion, in accordance with one
embodiment. FIG. 9 shows a schematic diagram of other
exemplary first and rectifier circuits 904a and 9045 that may
be used in accordance with the system 400 of FIG. 4. As also
described above with reference to FIG. 7, rather than using a
single full wave bridge rectifier circuit 204 as shown in FIG.
2, a rectifier circuit topology including a combination of
rectifier circuits may be used for providing a high power
factor and a reduced harmonic filter. The first rectifier circuit
9044 may include diodes D,, D,-, D,,, and D, forming a
full bridge rectifier circuit. Capacitors C,, and C, ; may also
be included as shown. The second rectifier circuit 9045 may
include diodes D,,, D3, D,,, and D, forming a full bridge
rectifier circuit. The second rectifier circuit 9045 further
includes a current doubler rectifier circuit including inductors
Ly and L, and diodes D,, and D, that are in common with
the full bridge rectifier circuit of the second rectifier circuit
9045. A capacitor C,; may also be included as shown. In one
embodiment, the current doubler rectifier circuit of the sec-
ond rectifier circuit 9045 may provide one and a halftimes the
voltage of the first rectifier circuit 904a. As described above
with reference to FIGS. 4, 5, and 7, the output of the first
rectifier circuit 904a may be provided to an averaging circuit
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910 as described above. The output of the averaging circuit
may be electrically connected with the output of the first
rectifier circuit 9045 to produce a direct current. This direct
current may be filtered and/or smoothed by a filter circuit 912
as described above to provide a more constant DC to the load
R; 906.

FIG. 10 is a plot of exemplary voltage and current wave-
forms 1030 and 1020 ofthe system 900 as shownin FIG. 9. As
shown, the voltage waveform 1030 is shown as an undistorted
sinusoidal. The operation of the rectifier topology of the sys-
tem 900 of FIG. 9 creates a stepped current waveform that
also more closely approximates a sine wave, particularly as
compared to the current waveform 320 of FIG. 3. The system
900 may reduce the harmonic of the AC input (line) as
described above. For example, the system 900 may provide
a>30 db reduction in the third harmonic on the AC line, along
with a 9 db reduction in the fifth harmonic. Similar levels of
harmonic reduction may be achieved for any of the systems
described above with reference to FIGS. 4, 5, and 7. The
component values of the components of the system 900 may
vary over a wide range for the inductances and capacitance.
Furthermore, the system 900 may not be resonant and may
therefore function using a wide range of input frequencies. As
such, the system 900 may provide a high power factor and
increase the efficiency of the system 900. As shown in FIG. 9,
any of the first and second rectifier circuits 904a and 9045
may individually include multiple rectifier circuits (e.g., rec-
tifier circuit topologies) of different types to further control
distortion of the current waveform according to the load 906
or other operating conditions. Using a combination of recti-
fier topologies as shown above may provide a current wave-
form with as minimum distortion as possible as compared to
a sinusoid and avoid some of the harmonic/efficiency prob-
lems as described above. Furthermore, additional rectifier
circuits may be cascaded to provide further increases in the
power factor in some instances. For example, a third rectifier
circuit (not shown) may be provided and electrically con-
nected foruse in conjunction with the first and second rectifier
circuits 904a and 9044 for further reduction of harmonics in
the system 900 and increased power factor.

FIG. 11 is a schematic diagram of another exemplary sys-
tem 1100 for AC to DC conversion. FIG. 11 shows a similar
circuit configuration as shown in FIG. 9, but where the direc-
tion of the diodes D5 |, D55, D33, D3y, Dss, Dyg, Dy, Dsg, and
D;, have been reversed. While the output polarity may be
opposite as compared to FIG. 9, the system 1100 may func-
tionina similar manner as to the system 900 of FIG. 9 and still
provide significant harmonic reduction. Similarly, the diodes
of any of FIGS. 4, 5, and 7 may also be reversed without
substantially changing the operation and benefits of the sys-
tems 400, 500, and 700. Other similar configurations are also
possible in accordance with the principles described herein.

FIG. 12 is a schematic diagram of another exemplary sys-
tem 1200 for AC to DC conversion. FIG. 12 shows a similar
circuit configuration as shown in FIG. 9, but where synchro-
nous rectifier circuitry may be used. Accordingly, the diodes
of FIG. 9 may be replaced with switches S|, S,, S3, S,, Ss, Se,
S., and S driven by appropriate waveforms from a controller
1250 to perform a similar function as the diodes. The switches
may be any one of a variety of different switches (e.g., relays,
MOSFETs, BITs, etc.). In some instances, using synchro-
nous rectifier circuitry may allow for greater control over
rectifier operation, particular when the operating conditions
are dynamic. When driven with appropriate waveform for the
switches S,, S,, S5, S,, S5, Sg, S, and S, the system 1200 of
FIG. 1 may function similarly to the system 900 of FIG. 9. In
other embodiments, semi-synchronous rectifier circuitry may
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be used. For example, just a portion of the diodes of the
rectifier circuits of FIG. 9 may be replaced with switches.
Similarly, switches may be used in place of diodes for any of
the circuits described above with reference to FIGS. 4, 5, and
7. Other similar configurations are also possible in accor-
dance with the principles described herein.

The systems for AC to DC conversion described above with
reference to FIGS. 4-12 may be used in a variety of other
systems that involve using DC derived from an AC source.
Accordingly to one exemplary embodiment, the systems for
AC to DC conversion of FIGS. 4-12 may be used in systems
for wireless power transfer that involve, for example, wire-
lessly receiving power in the form of a time varying voltage
that produces an alternating current. Many applications that
may use wirelessly received power rely on DC for powering
a system or charging a battery. For example, wireless power
may be used for wirelessly charging a battery of an electric
vehicle as will be further described below or wirelessly charg-
ing electronic devices such as cell phones as will be further
described below. As such, the description below provides
examples of wireless power systems that may include the
systems for AC to DC conversion as described above with
reference to FIGS. 4-12. For example, each of the power
sources described above with reference to FIGS. 4,5,7,9,11,
and 12 may be a time varying voltage induced wirelessly via
a field as will be described further below.

Non-contact wireless power transmission for charging or
operation (e.g., powering) may be achieved by magnetic cou-
pling between a primary coil of wire and a secondary coil of
wire. The mechanism may be similar to that of an alternating
current electric transformer where the power may be con-
verted from an alternating electric current in the primary
winding into an alternating magnetic field that is coupled by
a magnetic circuit, usually made up of iron or iron bearing
material, to a secondary winding where the magnetic field is
converted back to an alternating electric current (AC). Other
circuits convert the power received to direct current (DC) for
charging the battery such as the circuits described above with
reference to FIGS. 4-9.

The term “wireless power” is used herein to mean any form
of energy associated with electric fields, magnetic fields,
electromagnetic fields, or otherwise that is transmitted
between a “transmit circuit” or transmitter and a “receive
circuit” or receiver without the